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𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦(𝜂) = 𝑆ℎ𝑒𝑎𝑟	𝑆𝑡𝑟𝑒𝑠𝑠(𝜏)𝑆ℎ𝑒𝑎𝑟	𝑆𝑡𝑟𝑎𝑖𝑛	𝑟𝑎𝑡𝑒(𝛾)	 







































































Figure 7: A schematic diagram of a film showing the a) clear film region, b) saturated solid 
region, and c) fluid region. 
particles 













Figure 8 :Anisotropic crack patterns. The diameter of each container is 500 mm.  
a) The radial crack pattern appears when the container is initially oscillated in an angular 





















































a.  b.  


















































































































































Table 1 : Ink composition by weight percent	
TiO2 %	 33%	 25%	 18%	 12%	
Di	water	 58.24%	 64.4%	 71.11%	 74.78%	
TALH	 7.41%	 8.23%	 9.04%	 9.51%	
PAA	 1.81%	 2.02%	 2.21%	 2.33%	
XG	 0.36%	 0.403%	 0.44%	 0.466%	
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Table 2: Herschel Bulkley Coefficients of studied inks 
Ink ty (Pa) K n 
33% concentration 303 234.37 0.149 
25% concentration 246 195.85 0.116 
18% concentration 73 44.22 0.220 
12% concentration 70.4 44.01 0.211 
 



























c.   c.  
Figure 15: Crack propagation sequence of a Doctor blading sample air dry (500µm thickness, 
25% particle concentration) Crack progression a) +5mins b.+10mins c) 180mins d) +300mins. 
Direction of Doctor blading is top to bottom 
 
 
a.   b.  
 
c.   d.  
Figure 16: Crack Propagation sequence for a printed sample air dry (500µm film thickness, 
25% particle concentration) Crack Progression: a) +5mins b) +10mins c) +90mins d) 
+200mins. Direction of direct ink writing is a meander or snake pattern Printing Parameters: 









































a.	  b.  
 





e.  f.   
 
Figure 17 : Optical Microscope Images of 500µm film of 25% TiO2 particle concentration  
a) Print Air dry b) DB Air Dry c) Print oven dry d) DB oven dry e) Print vacuum dry f) DB 
vacuum dry. Doctor blading direction is from top to bottom. Direct ink writing direction 
is from left to right. Printing parameters: 500µm (2.3psi & 5mm/s) 

























Figure 18:Frequency of crack fragment in terms of bins of 25% TiO2 particle concentration 

































Figure 19 : Frequency of crack fragment in terms of bins of 25% TiO2 particle concentration 
























































































































Figure 23:Optical Image of a) 500µm DB vs b) 900µm doctor bladed air dried samples 


































































Figure 25:Optical Image of a)250µm b)500µm Print Air dried specimens 

































Figure 27:Optical Image of a)500µm b)900µm Doctor Bladed Print Air dried specimens  




















































a.  b.  
c.  d.  
Figure 29:Optical Microscope Images of XG 0.4% and 25% TiO2 particles(600µm) thickness for 
doctor bladed and printed specimens  
a) Print Air Dry b) DB Air Dry c) Print Vacuum Oven dry d) DB Vacuum Oven Dry. Printing 


























a.  b.  
 
Figure 30:Optical Microscope Images of  DIW 33% TiO2 particle concentrations 
a) 500µm print air dry b) 500µm print vacuum dry Print direction is in a snake or meander 
pattern. Print paramters: 500µm (1.3psi & 8mm/s)  
 
a.  b.   
 
  
Figure 31: Optical images for doctor bladed samples of 33% particle concentration  












a.   b.  
c.   d.  
e.   f.  
 
Figure 32:Optical Microscope Images of 18% TiO2 particle concentration specimens  
a) 500µm print air dry b) 1000µm print air dry c) 500µm print vacuum dry d) 1000µm print 
vacuum dry e) 500µm DB vacuum dry f) 1000µm DB vacuum dry.  










a.  b.  
c.   d. 	
e.   f.  
 
Figure 33:Optical Microscope Images of  12% TiO2 particle concentration 
 a)500µm air dry print b) 1000µm air dry print c) 500µm vacuum dry print d) 800µm vacuum 
dry print e) 500µm DB oven dry f) 1000µm DB oven dry. Print parameters: 500µm (1.1psi & 




















































































































































































Figure 38 Weibull Plot for DIW 600µm film thickness 25% TiO2 particle concentration 
 
 































































Figure 40:Weibull Plot for DIW 500µm thickness at 33% TiO2 particle concentration 
 
































































Figure 42:Weibull Plot for DIW 600µm film thickness at 33% TiO2 particle concentration 
 
 
































































Table 3: Summary of Weibull Modulus 
Concentration	 25%	 33%	
Thickness	 250µm	 500µm	 600µm	 500µm	 600µm	
Air	dry	 Printed	 4.50	 3.18	 2.86	 4.06	 3.44	
Doctor	bladed	 2.12	 2.20	 2.76	 2.88	 1.99	
Oven	dry	 Printed	 5.73	 4.74	 3.96	 4.28	 4.76	
Doctor	bladed	 2.64	 2.29	 2.84	 3.45	 4.36	
Vacuum	
dry	
Printed	 5.89	 5.01	 4.41	 4.76	 3.44	










































Figure 45: Calculated Weibull Modulus for doctor bladed films 
Weibull	plots	shows	a	general	trend	that	the	doctor	bladed	samples	generally	have	a	
higher	variation	in	fragment	length	distribution.	This	is	signified	by	the	relatively	lower	Weibull	
modulus	compared	to	the	printed	counterparts.	If	the	value	of	the	Weibull	modulus	(k)	is	
greater	that	1,	it	points	to	some	kind	of	ageing	process	or	the	weakening	of	the	material	with	
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the	passage	of	time.	In	using	this	Weibull	model,	it	is	observed	that	all	of	the	inks	have	a	
modulus	greater	than	1,	thus	suggesting	that	the	failure	of	the	cracks	occur	with	increasing	
time.	
In	summary,	we	have	studied	the	effect	of	varying	film	thickness,	effect	of	different	
drying	process,	the	effect	of	concentration	and	effects	of	the	two	methods	of	deposition.	It	is	
observed	that	fragment	size	increases	with	increasing	thickness.	It	is	also	observed	that	the	
different	drying	techniques	do	not	eliminate	memory	effects	and	vacuum	drying	is	found	to	be	
the	most	controlled	drying	process	as	it	generally	has	the	highest	Weibull	Modulus.	It	is	
observed	that	the	two	deposition	methods	leave	two	distinct	crack	pattern	and	it	can	be	said	
that	the	Nakahara	effect	is	seen	only	when	the	fluid	is	water	poor	or	for	relatively	higher	TiO2	
concentrations.		
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Chapter	5:	Conclusions	
 
For	this	project,	the	drying	mechanical	behavior	of	four	different	weight	concentration	
of	TiO2	ink	systems	were	studied	to	demonstrate	the	influence	of	Nakahara	effect	in	Direct-Ink	
Writing.	This	research	depicted	a	comprehensive	physical	picture	of	drying	of	colloidal	
dispersions	and	drying-induced	cracking	and	also	reviewed	various	investigations	on	properties	
and	mechanisms	of	cracking.	Capitalizing	on	already	established	printing	maps	from	similar	
systems,	films	were	printed	with	varying	speeds	and	pressures	using	the	Nordson	Robot.	After	
deriving	desired	thicknesses	for	printed	films	through	trial	and	error,	equivalent	film	
thicknesses	were	made	by	the	doctor	blading	process.	After	exposing	the	specimens	to	
different	drying	methods,	the	results	from	the	two	deposition	methods	were	compared	and	a	
distinctive	difference	in	crack	pattern	was	observed.	The	printed	films	develop	a	uniaxial	crack	
pattern	whereas	the	doctor	bladed	films	develop	a	biaxial	crack	pattern	during	drying.	The	
printed	samples	display	a	uniform	crack	pattern	perpendicular	to	the	direction	of	the	shear	
from	the	extrusion	of	the	material	caused	by	a	longitudinal	density	fluctuation.	The	results	
suggest	a	distinction	between	the	printed	and	doctor-bladed	samples	hence	demonstrating	the	
existence	of	the	Nakahara	Effect.	
Three	different	drying	processes	were	employed	in	drying	the	samples	in	order	to	
observe	the	pattern	of	fragmentation.	The	three	processes	are	air	drying,	vacuum	drying	and	
oven	drying.	The	measured	crack	fragment	length,	modeled	by	the	Weibull	distribution	suggest	
that	there	is	a	lasting	memory	in	the	films	that	is	responsible	for	the	pattern	fragmentation	
during	drying.	Memory	effects	were	still	found	to	exist	even	with	a	change	in	drying	method	of	
drying	as	thermal	fluctuation	does	not	destroy	network	structure	of	the	colloidal	suspension.		It	
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is	also	observed	that	vacuum	drying	offers	the	most	controlled	drying	method	as	it	resulted	in	
the	least	variability	in	fragment	length	distribution.	Oven	drying	was	observed	as	the	
intermediate	while	air	drying	was	observed	as	the	least	controlled	drying	process.	
It	was	also	observed	the	transition	in	the	crack	pattern	based	on	the	concentration	of	
TiO2	particles	present	in	the	ink.	It	is	found	that	the	films’	ability	to	crack	based	on	the	initial	
external	shear	depends	on	the	concentration	of	primary	particles	such	that	the	memory	effect	
decreases	with	decreasing	TiO2	particle	concentration.	These	experiments	revealed	a	transition	
in	the	direction	of	lamellar	cracks	from	perpendicular	to	random.	The	memory	effect	was	found	
to	be	eliminated	due	to	waves	and	global	forces	as	the	concentration	of	water	is	increased.		
Lastly,	it	was	observed	that	as	film	thickness	is	increased,	the	crack	density	decreases	
and	fragment	length	increases.	This	is	attributed	to	larger	stress	build	up	in	thicker	films	which	
results	in	larger	fragment	sizes	as	cracking	occurs	to	relieve	this	stress	at	the	surface.	
To	summarize,	we	experimentally	found	that	we	can	imprint	the	direction	of	an	external	
shear	into	a	paste,	and	the	memory	in	the	paste	is	visualized	in	the	morphology	of	the	crack	
patterns,	which	appear	in	the	drying	process.	It	is	demonstrated	that	colloidal	inks	retain	the	
directions	of	the	external	force	that	was	applied	during	the	extrusion	process.	These	memories	
in	the	inks	is	visualized	as	the	crack	patterns	develop	when	the	films	dry.	Thus,	by	using	the	
memory	effect	of	paste,	morphology	of	desiccation	crack	patterns	can	be	controlled.		
It	is	considered	that	findings	of	this	research	can	be	applied	to	industrial	applications	
where	engineers	can	control	the	direction	in	which	cracks	will	form	in	the	future,	and	therefore,	
make	plans	to	avoid	accidental	serious	damage.	The	knowledge	on	what	influences	the	
formation	of	cracks	can	also	help	in	the	design	and	control	of	other	crack	patterns	for	different	
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applications.	Moreover,	as	no	one	knows	how	cracks	will	form	except	the	people	who	
imprinted	the	order,	this	knowledge	can	be	used	to	physically	hide	information	from	
customers.	Ideally,	the	overall	goal	would	be	to	eliminate	cracking	but	with	current	research	
the	best	that	can	be	done	is	to	minimize	or	control	it	as	it	is	very	difficult	to	avoid	crack	
formation	in	aqueous	inks.	However,	if	the	formation	of	crack	patterns	is	controllable,	it	
becomes	possible	to	avoid	serious	damages.	This	method	to	control	crack	pattern	in	3-D	
printing	by	using	memory	effect	will	become	a	strong	tool	in	the	field	of	additive	manufacturing	
technology.	
Contributions	
Regarding	this	work,	a	contribution	was	made	towards	studying	and	understanding	the	
mechanical	behavior	or	crack	development	during	drying	of	films.	The	main	purpose	was	to	
demonstrate	the	Nakahara	effect	which	in	this	case	is	mainly	dependent	on	the	shear	force	
distributed	applied	by	the	Performus	V	pneumatic	pressure	system.	
Other	film	deposition	methods	were	performed	and	observed,	specifically	doctor	
blading	to	demonstrate	how	the	crack	development	differs	compared	to	directly	written	
samples	under	different	drying	conditions,	such	as	air	drying,	oven	drying	and	vacuum	oven	
drying.	The	solid	fraction	of	the	ink	was	alternated	to	study	the	transition	in	crack	pattern	as	
TiO2	particle	percentage	increases	or	decreases.	Finally,	thickness	of	films	was	varied	to	explore	
the	effect	of	thickness	on	crack	fragment	length.	
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Chapter	6:	Further	Work	
 
The	study	of	the	drying	mechanical	behavior	in	printed	ink	systems,	though	has	received	
attention	in	recent	years,	has	been	limited	mainly	due	to	the	inherent	difficulties	in	quantifying	
stresses	and	energies	in	brittle	thin	films	and	as	such	deserves	further	research	efforts.	The	
complex	relationship	between	the	development	of	tensile	stress	as	shrinkage	occurs	
simultaneously	to	the	increase	in	strength	of	material	as	it	compacts	will	definitely	be	a	task	
that	will	be	worth	pursuing.	In	current	investigations,	the	effect	of	heat	transfer	has	received	
minimal	research	efforts	so	that	will	be	something	to	look	at	in	the	future.	Other	studies	that	
could	be	carried	out	also	include	observing	the	presence	of	the	Nakahara	effect	in	printing	
multiple	layers	as	compared	to	single	layers.	The	effect	of	pore	size	of	fragmentation	length	is	
an	area	that	could	also	be	studied.	To	diminish	or	avoid	cracking	in	films	for	future	applications,	
there	should	be	an	advanced	understanding	of	the	mechanisms	responsible	for	toughness	in	
wet	ceramic	thin	films.		
Knowledge	of	the	properties	and	mechanism	of	drying	induced	cracks	is	of	high	
significance	for	both	academic	research	and	industrial	research	and	development.	This	basic	
knowledge	is	the	first	step	in	controlling,	reducing	and	eliminating	cracks	in	thin	films.	In	recent	
research	there	is	only	partial	fundamental	understanding	of	drying	and	cracking	experiments	
and	there	are	still	many	controversies	for	the	most	basic	mechanisms	of	cracking.	
After	understanding	the	mechanisms	of	drying	and	cracking,	the	ultimate	goal	of	this	
research	is	to	produce	crack-free	thin	films.	After	this	has	been	understood,	the	task	will	be	to	
bridge	the	research	between	academic	and	industrial	research	and	development.	Even	though	
large	investments	have	been	made	in	developing	various	models	for	explaining	characteristics	
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of	drying-induced	cracks	and	understanding	cracking	mechanisms,	most	are	not	close	to	being	
practically	applicable	on	a	large	scale,	thus	further	understanding	of	drying	and	cracking	
processes	will	benefit	the	quality	of	thin	films	and	their	cost	of	production.		
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